Contrast sensitivity is regulated by neural mechanisms that flexibly adjust responsiveness to optimize stimulus encoding across different environments. Here we studied the developmental status of gain control mechanisms in school-age children (5-17 years) and adults using a visual masking paradigm. A variable contrast, spatially random 2-D noise test pattern was masked by the presence of a superimposed independent noise pattern presented at 0, 12 and 40% contrast. Frequency-tagged steady state visual evoked potentials were used to separately record responses to the test (5.14 Hz) and the mask (7.2 Hz). By incrementally increasing the test contrast we measured contrast response functions for each mask contrast. The unmasked contrast response functions were largely similar in shape across age, but peak amplitude was higher in the children. Masking shifted the contrast response function rightward on the contrast axis in both the adults and older children, elevating contrast thresholds by a similar factor across age. However, in younger children, masking resulted in a change in the slope of the contrast response function. These findings suggest that immaturity in the contrast normalization process persists until approximately 11 years of age.
Introduction
Contrast sensitivity fundamentally limits downstream perceptual processes. Understanding contrast sensitivity in the normal environment with its wide range of input levels requires knowledge not only of the processes that fundamentally limit contrast thresholds such as photon efficiency and internal noise, but also the processes by which sensitivity is regulated over wide ranges of input intensity. Early in life, contrast sensitivity is poor and both photon inefficiency and high levels of internal noise have been implicated as playing important roles in limiting threshold sensitivity (Brown & Lindsey, 2009) . Less is known about how threshold sensitivity is adjusted under different environmental conditions and how responsivity above threshold is regulated.
Beyond the initial transduction process, contrast sensitivity and supra-threshold responsivity are regulated through a variety of control mechanisms at different levels of the visual pathway. One computational goal is to adjust neural responses in way that maximizes the dynamic range of the response to varying input levels.
These regulatory processes begin with light adaptation in the retina and extend into the LGN and cortex where sensitivity to environmental contrast is regulated (Brown, Lindsey, McSweeney, & Walters, 1995; Bonin, Mante, & Carandini, 2006; Scholl, Latimer, & Priebe, 2012; Shapley & Victor, 1978) . In V1, responses to high contrast stimuli do not grow without bound, but saturate at high input levels, yielding a range over which responses increase monotonically with increasing contrast (Albrecht & Hamilton, 1982; Tolhurst, Movshon, & Thompson, 1981) . Contrast gain control mechanisms shift the non-saturated portion of the neural response as a function of the prevailing image contrast. A particularly effective way of studying this regulatory process is by measuring the contrast response function of a neuron in the presence of a second ''masking" stimulus of different contrasts (Bonds, 1989; Carandini, Heeger, & Movshon, 1997) . Maskers are a form of environmental context and their use has provided many insights into contrast sensitivity starting with early psychophysical studies (Legge & Foley, 1980) .
Most of what we know about the transfer of visual contrast information during development comes from measures of threshold sensitivity rather than of supra-threshold gain. system have been made during infancy using psychophysical (Atkinson, Braddick, & Braddick, 1974; Banks & Salapatek, 1976; Banks & Stephens, 1982; Bonin et al., 2006; Dobkins & Teller, 1996) , Visual Evoked Potential (Harris, Atkinson, & Braddick, 1976; Norcia, Tyler, & Hamer, 1990; Pirchio, Spinelli, Fiorentini, & Maffei, 1978) and eye movement measures (Brown et al., 1995; Hainline & Abramov, 1997; Meijer & van den Berg, 1982) . These early contributions have shown that contrast sensitivity at low spatial frequencies develops quickly and is almost adult like at 6 months of age when measured using the VEP or eyemovements. Grating acuity, effectively a measure of contrast sensitivity at high-spatial frequencies, by contrast, has a longer developmental sequence, extending to around 6 years of age (see (Braddick & Atkinson, 2011; Norcia, 2011) for review).
Compared to the numerous studies of contrast sensitivity development, there have been fewer studies of the mechanisms that regulate contrast sensitivity. Following the work in animal models, the human literature has also used masking paradigms to study the regulation of contrast sensitivity, also known as contrast gain control. In the first study of this kind (Morrone & Burr, 1986 ) measured VEP amplitude as a function of contrast for low spatial frequency gratings that were masked by a second grating either of the same or orthogonal orientation. By presenting the test and mask gratings at different temporal frequencies, they were able to isolate the response to the test using spectral analysis, even during the presentation of the masker. They found that parallel maskers shifted the adult contrast response function rightward on the (log) contrast axis (contrast-gain control) but that an orthogonal masker changed the response slope (response-gain control). In infants, orthogonal maskers had no effect until 6 months of age, but parallel maskers did, starting as early as 20 days of age and increasing thereafter. A later study using similar methods found contrast gain effects for both parallel and orthogonal maskers in adults, with parallel maskers producing a larger rightward shift (Candy, Skoczenski, & Norcia, 2001 ). Cross-orientation maskers elevated contrast threshold by a constant factor of $2. Contrast thresholds measured under the influence of the masker tracked the developmental change in threshold without the mask. By contrast, the magnitude of the threshold elevation created by the parallel masker increased systematically over the same age range. It is not clear why the two studies yielded different results. Differences in stimulus conditions were present as well as in the number of participants: Morrone and Burr reported data from 3 adults and longitudinal data from 3 infants, while Candy et al. showed data from 8 adults and 45 infants studied cross-sectionally and sampling biases may have played a role in the different results. In another study of VEP contrast masking (Skoczenski & Norcia, 1998) dynamic random noise maskers which are spatially broadband and un-oriented also produced contrast gain effects in both adults and in infants as young as 6 wks of age. In that study masked thresholds also paralleled unmasked thresholds by a constant factor, suggesting that contrast sensitivity rather than gain control processes were dominating the developmental trend.
Contrast masking in the adult psychophysical literature has traditionally been studied through its effects on contrast detection thresholds (Legge & Foley, 1980) and the emphasis of the Candy et al. and Skoczenski and Norcia studies was the effect of maskers on contrast thresholds as estimated by the VEP. Given that masking also affects the supra-threshold response function, we wished to study the late developmental phase of contrast sensitivity regulation using both threshold elevation and supra-threshold response function measures.
Prior work in animal systems (Albrecht & Geisler, 1991; Carandini et al., 1997; Heeger, 1992) and human (Brouwer & Heeger, 2011; Busse, Wade, & Carandini, 2009; Candy et al., 2001; Ross & Speed, 1991) has modeled contrast masking/gain control within a framework known as the normalization model (see (Carandini & Heeger, 2012) for review). Within this framework, the activity of cells tuned to a given spatial and temporal frequency combination is ''normalized" by dividing their activity by the pooled sum over recent time and nearby spatial locations. The functional form of the output of the normalization model is sigmoidal with respect to stimulus contrast, saturating at higher input levels. Sigmoidal non-linearities have long been used to model psychophysical threshold masking (Legge & Foley, 1980) . In our previous work in infants (Candy et al., 2001 ) and adults, (Tsai, Norcia, Ales, & Wade, 2011; Tsai, Wade, & Norcia, 2012a) , we have used this framework to describe masking in the VEP. Here we test alternative versions of this model, one expressing contrastgain effects and the other response-gain effects in school-age children and adults as a means of characterizing the late phases of development of this critical regulatory process.
Methods

Observers
Thirty-six typically developing children with normal or corrected to normal visual acuity, divided into two equal-sized age groups, participated. The first group consisted of eighteen 5-11 year-olds (8 female) and the second group comprised eighteen 12-17 year-olds (8 female). This division of ages corresponds roughly to the age of puberty. We also recorded from a group of 10 adult participants (4 female, average age 42 years). All the participants had normal or corrected to normal vision and did not have a history of neurological or psychiatric problems. We obtained written informed consent from all participants and one of their parents prior to the experiment in accordance with procedures approved by the Institutional Review Board of Stanford University. When the participant was a minor, assent was obtained from the child using a simplified version of the consent form that was signed by the child, with the parent signing the full consent form on behalf of the child.
Stimuli
We recorded Steady-State Visual Evoked Potentials (SSVEPs) in response to random checkerboard patterns presented on a contrast linearized CRT (HP1320) at a resolution of 800 Â 600 pixels, a 72 Hz vertical refresh rate, and a mean luminance of 50.31 cd/m 2 .
The stimulus area was 37 by 28 deg when seen at a viewing distance of 70 cm. To study both masked and unmasked contrast response functions, we used a two-frequency SSVEP paradigm in which one frequency tag (5.14 Hz) was assigned to a variable contrast test pattern and the other frequency tag (7.2 Hz) was assigned to a fixed-contrast masking pattern (Tsai et al., 2012a) . The test and masking patterns consisted of random checkerboard patterns with two different luminance levels (binary noise; check size of 13 by 13 arc min). In the test condition, one of the patterns was presented alone and in the masking conditions two distinct patterns were superimposed.
Because the test and masker were tagged with different temporal frequencies, they were separable by Fourier analysis (Regan & Cartwright, 1970; Regan & Heron, 1969) .
The protocol comprised three conditions: in the first condition, the variable contrast test was presented without a mask (unmasked condition). In the second condition a fixed 12% contrast masker was added to the test stimulus (12% mask condition) and in the third condition, a 40% contrast masker was used (40% mask condition). In the both masked and unmasked conditions, the test pattern was presented in 9 equal log steps ($0.2 log units) spanning 1.5-51.4% in trials that lasted 9 s. In the masking conditions, the superimposed masker was constantly present throughout the trial. Each trial started with a fixation marker in the center of the monitor. The participants were asked to perform a behavioral task during the recording in order to maintain fixation. They were asked to push a mouse button every time a small cross symbol appeared at random time in the center of the screen in a stream of two other characters (a dot and a circle). The behavioral data are not presented here as the goal of the task was fixation maintenance and not to provide a study measure. We recorded 10 trials for each participant for each of the 3 conditions. The order of presentation of the conditions was block-randomized and each block consisted of 5 trials.
Steady-State VEP recording
EEG data were collected using 128-channel HydroCell Geodesic Sensor Nets (Electrical Geodesics Inc., Eugene, OR). The data were band-pass filtered from 0.1 Hz to 200 Hz, and digitized at a rate of at 432 Hz (Net Amps 300 TM, Electrical Geodesics, Inc., Eugene, OR). Individual electrodes were adjusted until impedances were below 60 kX before starting the recording and periodically during the session, as needed.
The EEG was recorded using NetStation 4.3 software (Electrical Geodesics, Inc.) but was evaluated off-line with in-house software written in C++. Briefly, artifact rejection was done according to a two-step procedure. First, the amplitude distribution of the raw EEG time-samples for each recording electrode was used to detect consistently noisy electrodes. The rejected-electrode values were replaced with the sample-by-sample average of the six nearest neighboring electrodes. Second, the EEG was then re-referenced to the common average of all the remaining electrodes and then individual 1 s epochs during which more than 15% of the data samples exceeded a threshold of +/À 80 lV were excluded on a electrode-by-electrode basis. The entire 1 s epoch was rejected if more than 7 of the electrodes were rejected. Typically, these epochs included large movements or blinks.
Estimation of the contrast response function and contrast threshold
The SSVEP amplitude in each 1 s epoch, corresponding to the contrast steps in the stimulus sweep, was determined by a Discrete Fourier Transform (Norcia, Clarke, & Tyler, 1985; Norcia, Tyler, Hamer, & Wesemann, 1989) . Separate analyses were performed for the harmonics of the 5.12 Hz test stimulus and the 7.2 Hz masker stimulus. These frequencies and their low-order sum and difference frequencies were distinct for the response frequencies analyzed here.
Our primary analysis variable was the amplitude of evoked response as a function of contrast. Group response functions were calculated by vector averaging of the complex Fourier coefficients of the evoked responses from each observer (a coherent average over observers). We estimated the amplitude variability from the two-dimensional distribution of individual participant responses (see Appendix for more detail).
Because VEP amplitude is an approximately linear function of log contrast over the low-contrast range, sensory thresholds can be derived by extrapolating the linear portion of the function to zero amplitude (Campbell & Maffei, 1970; Norcia et al., 1989 ). An automatic algorithm (Norcia et al., 1985 (Norcia et al., , 1989 found the first monotonically increasing section of the contrast response function at the low contrast end of the sweep record. The algorithm also used a combination of signal to noise ratio and phase consistency criteria (Victor & Mast, 1991) as further constraints for selecting the range for the regression to zero amplitude.
Contrast gain control models
The gain control models used in the present paper are adaptations of the Naka-Rushton equation first used by Ross and Speed (1991) and in our previous work (Candy et al., 2001; Tsai et al., 2011; Tsai, Wade, & Norcia, 2012b) . The equation used to fit the data was the following:
where the parameters of the model include the baseline level (R min ), a response gain factor (R max ), two parameters that control the slope of the function (p, q) and a parameter (sigma) that controls the sensitivity to contrast. We use this model to describe the suprathreshold-contrast behavior; specifically comparing how well a response-gain vs. a contrast-gain model captures the changes induced by a masker. In the response-gain model, the hypothesis is that masking produces a multiplicative scaling of the response (Morrone & Burr, 1986) , and hence a change in R max . In the contrast gain model, the hypothesis is that masking produces a change in the effective contrast of the target, thus a shift along the contrast axis and the sigma parameter. Group-averaged thresholds were estimated from the individual-participant threshold extrapolations and are shown in Fig. 2 . Because thresholds in individual participants were frequently un-measurable in the 40% mask condition, especially in the youngest children, we do not report values for this condition. Masking increased thresholds in all groups by approximately a factor of two for the 12% masker. A mixed model ANOVA showed a statistically reliable effect of the masker (p < 0.001). There was also a measurable effect of age (p = 0.013) with the youngest group being $0.2 log units more sensitive than the adults across conditions. There was no interaction between masking level and age (p = 0.32) (see Table 1 ).
Results
Group contrast response functions
In order to show the effect of the different masker levels on the contrast response function as a whole, Fig. 3 plots VEP amplitude vs contrast for the unmasked and masked conditions as group averages (vector means across subjects) for a set of seven electrodes centered on Oz. The data from the 10 adults is shown in Fig. 3a , that from the eighteen 12 to 17 year olds is shown in Fig. 3b and that from the eighteen 5-11 year olds is shown in Fig. 3c . Filled symbols show data from the Unmasked condition, open circles show data from the 12% Mask condition and the gray symbols plot data from the 40% Mask condition.
In each of the three age groups, the response is largest at O z . The effect of masking is larger for the 40% masker than for the 12% masker and the effects of masking are qualitatively similar over the seven electrodes centered on O z . Responses for the 40% contrast masker condition were reliable in adults as in our previous work with this paradigm (Tsai et al., 2012b) but were weaker and more variable in the children. As noted above, the response at the 2nd and 3rd harmonic for the 40% contrast in the two groups of children were so small that the model was not able to fit the data.
We therefore report the results for the first harmonic component only and for the unmasked and 12% contrast masker conditions. Because the overall pattern of masking was similar across this set of occipital electrodes, we focus the modeling on responses from O z in order to maximize the Signal to Noise ratio of the measurements.
Fitting the gain control models
In order to probe the developmental status of contrast gain control mechanisms during childhood and adolescence we fit the response functions using both response-gain and contrast gain models. Fig. 4 show fits of the contrast gain model as solid lines and the response gain model as dotted lines. We assessed which model better fit the data by comparing fit quality for the two models. The contrast-gain model by design allows the (r) parameter to vary for each condition, whereas the response-gain model allows the R max parameter to vary (see Section 2). We used both reduced chi-squared and r 2 metrics to asses the model-fit quality.
In both the adults and the older children, the contrast gain model (free r) provided a clearly better fit than did the response-gain model (see Table 2 for the parameter values and the reduced chi-square and r 2 values). Note especially that the response-gain model provides a poor fit to the data for the highest contrasts in the masked condition. The contrast-gain model accounted for 89% of the variance in the adults and 93% of the variance in the older children. By contrast, in the 5-11 year olds, the response-gain model provided a slightly better fit than the contrast gain model, accounting for 81% of the variance rather than 76%. Both models, in fact do a reasonable job of fitting the data from the youngest children and the large discrepancy between the response-gain model and the data seen in the adults and adolescents is absent.
The r value reflects the contrast at which the response reaches half maximum, when the slope parameters p and q are equal, and can be taken as a surrogate measure of contrast threshold. Masking produced a 2.5-fold change in r in the adults, a 2.7-fold change in the older children and a 2.4-fold change in the youngest children. Threshold elevation estimated via extrapolation to zero amplitude was approximately a factor of two, which is in approximate agreement in terms of magnitude of the masking effect reported by r Both measures do not vary systematically with age.
Discussion
Contrast processing at supra-threshold levels appears to undergo its final stage of development during late childhood. In adults and older children, the masked and unmasked functions were better fit with a single model in which the semi-saturation constant was the only free parameter (contrast-gain model), but in the younger children, the data were fit equally well by a response-gain model. This immaturity is not due to low contrast sensitivity in the youngest children as their thresholds are $0. log units lower than those of the adults tested under the same conditions.
The presence of active gain control of the visual contrast response function can be demonstrated in infants as young as 6-12 weeks old (Candy et al., 2001; Morrone & Burr, 1986; Skoczenski & Norcia, 1998) . In the Skoczenski and Norcia (1998) , a broadband dynamic noise masker shifted the response function for a low spatial frequency grating rightward on the contrast axis, consistent with what we refer to here as a contrast gain process. A later study (Candy et al., 2001 ) used gratings instead of visual noise as the masker. That study found that masking by an orthogonally oriented grating showed little differential development: orthogonal maskers elevated contrast threshold by the same amount independent of age and the masking effect itself was consistent with a contrast gain rather than a response gain process. Maskers of the same orientation as the test, by contrast, produced increasing levels of masking over development, but again of a contrast gain form. These results showing exclusively contrast gain effects differ from those of the first study of gain control in infants which showed response gain operating for orthogonal grating maskers starting around 8-10 months (Morrone & Burr, 1986 ). That study used somewhat different stimulus conditions and the samples sizes were small, so these two factors, separately or in combination may account for the different pattern of results.
Here our younger group did not show clear evidence of a contrast gain-like masking process that was evident in the older children and the adults and previously demonstrated in infants (Candy et al., 2001; Morrone & Burr, 1986; Skoczenski & Norcia, 1998) . It is possible that contrast gain effects are present in the youngest children, but they are being obscured by large individual differences in the r parameter. That is, individual children may each have steep contrast response functions that are shifted rightward by the masker by variable amounts, but still consistent with contrast gain. The mean of the group average in this scenario could appear to be consistent with a slope change and thus a response gain effect. If this were the case then the errors on the group mean function would vary as a function of contrast, being smaller at the lowest and higher contrast levels and largest at intermediate levels where the semi-saturation points (r) would lie. We do not observe this in the data, so we do not think this possible effect of crosssectional analysis explains the observed pattern. It would be useful in the future to fit individual participant functions, but this would require higher SNR data than was obtainable with the present design.
Setting the question of individual differences aside, the largest procedural difference between the present study and the previous infant masking studies infants (Candy et al., 2001; Morrone & Burr, 1986; Skoczenski & Norcia, 1998) is that the present study used a spatially broad-band test, rather than a low spatial frequency grating as the test. The broadband test may have tapped higher spatial frequency processes that are later developing. In addition, because we used both broad-band test and maskers, we cannot tease out whether the residual developmental effects in the present study are due to parallel rather than orthogonal maskers (Candy et al., 2001 ). On the one-hand, the use of broad-band tests and maskers is a disadvantage because the effects of orientation and spatial frequency cannot be separately assessed. On the other hand, it is highly unusual for the visual system to be confronted with purely narrowband stimuli. Natural images are broad-band and the gain control behavior we see here may be more representative of natural image processing than are responses to gratings.
As noted in the Introduction, gain control processes exist at multiple levels in the visual pathway spanning the retina to the cortex. Candy et al. (2001) suggested that there were two compo- Fig. 3 . VEP amplitude vs contrast for the unmasked and masked conditions as group averages (vector means across subjects) for a set of seven electrodes centered on Oz. Fig. 3a shows the adult data (n = 10), Fig. 3b the 12-17 year-old data (n = 18) and Fig. 3c the 5-11 year-old data (n = 18). Filled symbols represent the unmasked condition, open circles 12% masker condition and the gray symbols 40% masker condition. The error bars reflect +/À 1 s.e.m. nents of VEP masking. The first masking component was not orientation tuned and reflected by the precocious masking seen with orthogonally oriented tests and masks. The second component was orientation-specific with a longer developmental sequence. They argued that the un-tuned masking could have been generated pre-cortically, but that the additional masking caused by isooriented maskers could have had a cortical origin. Recent work in macaque and cat has suggested that in addition to pre-cortical gain control mechanisms, there are in fact at least two components of cortical gain control, one contributed by short-range connections and the other by longer range intrinsic connections (Reynaud, Masson, & Chavane, 2012; Wunderle, Eriksson, Peiker, & Schmidt, 2015) . The short-range mechanism exerts a response gain effect and the long-range mechanism a contrast gain effect (see Fig. 7 of Reynaud et al., 2012) . Contrast-gain effects have been also attributed to long-range inputs via the corpus callosum (Wunderle et al., 2015) ). It is thus possible that the masking in the youngest children reported here operates with a less than full complement of mechanisms, specifically a weaker contribution from a long-range mechanism, as initially proposed by Candy et al. (2001) . This could account for the lack of a clear distinction between contrast and response gain models in this age group. As noted above, significant difference between the present study and that of Candy et al. (2001) is the difference in spatial frequency content of the test and mask. Candy et al. (2001) used 1 cpd gratings but the present study used spectrally broadband noise stimuli. The spatial frequency content thus not only differs in scale (very low vs low and higher spatial frequencies) but also the mix of spatial and temporal components available to the multiple gain control mechanisms. This difference may be important for demonstrating the late phase of cortical development seen here. The presence of response saturation in the unmasked condition suggests that at least one of the gain control processes is largely mature in the youngest children.
We observed that the thresholds of the youngest children were $0.2 log unit lower than those of the adults. We hesitate at this point to conclude that young children are in fact more sensitive than adults due to several methodological issues that may have led to this result. First the contrast sweep range used for the unmasked threshold measurements was very large -single steps in the sweep were themselves 0.2 log units in size. We used this wide sweep range because we were also interested in the shape of the contrast response function at high contrast levels and wanted to plot the masked and unmasked data on the same axis. As noted previously (Norcia et al., 1989) , the slope of the response function can bias the estimate of threshold, leading to lower thresholds with shallower response functions. The youngest children clearly have shallower slopes than do the adults or older children under masking conditions, so this may have been a factor. On the other hand, their slopes are not that different without the mask. Additional conditions designed specifically to estimate threshold via the extrapolation measure (e.g. smaller sweep ranges) may have resulted in more accurate measurements of the contrast threshold in both children and adults. It is also possible that under the conditions we used that sensitivity in the younger children is indeed higher than in adults. This could come about, Fig. 4 . Masking model fits to data from adults, older (12-17 yr) and younger (5-11 yr) children. Solid curves plot fits from the contrast gain model and dashed lines indicate the fits for the response gain model. The contrast-gain model better fits the data of the adults and older children, but the response gain model provides a slightly better fit in the younger children. for example, if children have less low spatial frequency attenuation of their contrast sensitivity function. The random checkerboard stimulus we used has a 1/f power spectrum, so low spatial frequency content is expected to contribute substantially to our measurements. Here again, the complex power spectrum of our stimulus makes it difficult to assess this possible mechanism or alternative mechanisms that are based on cross-spatial frequency/orientation interactions. Prior behavioral work on the development of contrast sensitivity in school-age children using sensitive methods has suggested that contrast sensitivity is either equivalent to that of adults or only slightly worse. An early study (Bradley & Freeman, 1982) used a 2AFC procedure and found that overall contrast sensitivity was approximately 0.35 log units lower in 2.5-4.5 year olds, but that threshold at mid-spatial frequencies were adult-like at that age. A small developmental trend was apparent until about age 8. (Abramov et al., 1984) used a video-game environment to measure contrast sensitivity in children from 6 to 8 years of age and found that while the shape of the contrast sensitivity function was the similar in children and adults, absolute sensitivity was slightly lower ($0.2 log units). (Ellemberg, Lewis, Liu, & Maurer, 1999) , using the method of limits found that spatial contrast sensitivity was uniformly lower by approximately 0.5 log units in 4-7 year olds, but was adult-like after that age. A more extensive review of this literature is available (Leat, Yadav, & Irving, 2009 ). Our threshold results are consistent with the previous literature, in the sense that substantial differences in sensitivity between school-age children and adults are not present.
Of more importance for the goals of the present study, the extrapolated thresholds showed the same level of elevation by the masker as in adults, consistent with our previous findings of robust masking of contrast thresholds in infants (Candy et al., 2001; Skoczenski & Norcia, 1998) . Our previous work did not specifically examine the shape of the contrast response function in infants versus that of adults. Looking back at data from Candy et al. the adult unmasked contrast response function they measured at a similar temporal frequency (5.5. Hz vs 5.1 Hz) clearly saturated, but those of the 7-26 wk-old infants did not. This suggests that supra-threshold contrast processing differs at this age from that of the adult. Here we find that contrast masking, another measure of supra-threshold responsivity is measurably different between the youngest children and the adults.
Measurements of the entire contrast response function with and without masking provide additional information about spatial processing, above and beyond what is measured by contrast threshold alone. This additional information may be useful in studies of clinical populations. For example, spatial information transfer, as indicated by VEP contrast response functions, is altered in children with Autism Spectrum Disorder (Jackson et al., 2013; Jemel, Mimeault, Saint-Amour, Hosein, & Mottron, 2010; Weinger, Zemon, Soorya, & Gordon, 2014) . Masking paradigms, such as the one used here, may provide additional insight into supra-threshold processing in developmental disorders and in particular, its regulation via gain control processes.
In the following, we describe how we estimated errors on the amplitude of the group-average response function. The variability of the amplitude and phase parameters in cross-participant SSVEP data is comprised of a combination of within-participant variability and between-participant variability. In the case of withinparticipant variability, the errors on the amplitude and phase parameters are well-described by an additive model of SSVEP signal and background EEG noise. In this case, the T 2 -circ statistic (Victor & Mast, 1991) , a variant of Hotelling's T 2 statistic without a co-variance term is a statistically efficient estimator of amplitude and phase variability within a participant. In group data, the assumption of independent and equal errors on the real and imaginary coefficients can be violated. This violation can come from between-participant differences in amplitude that are larger than the corresponding differences in phase variability (see Fig. A1a ).
Here we derive a geometric approach to estimating amplitude error in SSVEP responses measured across participants. SSVEP responses are described by the Fourier coefficients of the temporal frequency of interest, e.g. the first harmonic of the stimulus alternation rate, and thus have real and imaginary parts. An example distribution of measured Fourier coefficients is shown in Fig. A1a in which the SSVEP responses of 10 adult participants are plotted in the complex plane for a contrast sweep level of 21.25% (Oz, channel 75, see Fig. 2a ). This distribution exhibits more variability in response amplitude than in response phase, and the real and imaginary parts co-vary. The error on the mean response amplitude is therefore described by a two-dimensional error ellipse, whose axes are aligned with the eigenvectors of the samples' covariance matrix and whose center is the sample vector mean. The major axis of the ellipse is oriented parallel to the eigenvector with the larger eigenvalue, and the minor axis is oriented parallel to the eigenvector with the smaller eigenvalue.
If v is the eigenvector associated with the larger eigenvalue, k, then the standard deviation of the sample distribution in direction v is ffiffi ffi k p . The standard error of the mean is then simply In Fig. A1b , we zoom in on the error ellipse (and remove the individual samples from the plot for clarity) to illustrate how we define the upper and lower bounds on the mean response amplitude. The mean vector is l, with amplitude ||l||. We use numerical methods to identify the longest and shortest vectors from the origin to the error ellipse, which capture the full range of response amplitudes within one standard error of the mean. In Fig. A1b , these vectors are labeled f, directed to the farthest point on the ellipse from the origin, and n, directed to the nearest point on the ellipse. Their amplitudes define the lower and upper bounds of ||l||: [||n||,||f||], which we use for the error bars on group data (Fig. 3) . In the case that the error ellipse overlaps with the origin, it is possible for ||n||>||l||, in which case we set the lower bound to 0 because the error ellipse overlaps with the origin and thus includes a zero amplitude vector. Note that f and n do not necessarily point to the endpoints of the ellipse axes. They do so only when the ellipse is oriented parallel or perpendicular to l.
